ABSTRACT. A growth factor stimulating DNAsynthesis of adult rat hepatocytes in primary culture was found in the conditioned mediumafter culturing nonparenchymal liver cells (NPC) . Adding heparin to the NPC cultured mediumstimulated the growth-factor secretion from NPC.The growth factor was secreted mainly by Kupffer cells. The partially purified growth factor from the NPCappeared to be related to the HGFisolated from platelets according to three criteria: (a) binding to Heparin-Sepharose and eluting at about 0.65 MNaCl, (b) having a Mr of about 70 kDa, (c) having an immunoreactivity to antibody against rat platelet-derived HGF. Adding heparin to the NPCcultured mediumalso resulted in protection of the growth factor from heat-and acid-inactivation, but the direct interaction of heparin with the partially purified growth factor did not lead to such protection. Per fusion of normal adult rat livers with Hanks' solution containing 1 M NaCl in situ led to the release of large amounts of hepatocyte growth factor (10). These findings suggest that the hepatocyte growth factor derived from NPCbinds to ECMbetween the layer of hepatocytes and endothelial cells forming the sinusoids in normal adult rat liver and that this may play a role in stabilization and maintaining the pool of HGF, which functions to constantly supply HGFin the setting of liver regeneration.
The liver regenerates actively after partial hepatectomy and liver injury. Hepatocyte growth factor (HGF) is a potent mitogen for mature parenchymal hepatocytes in primary culture. HGFhas been detected and characterized in serum (2-5, 12, 14, 16) , rat platelets (17, 24, 25) , human placenta (30), and conditioned medium following culture of human lung fibroblasts (23).
HGFis a growth factor with an apparent Mr of 82,000-85,000, and is a heterodimer composed of an a-chain (Mr 69,000) and a /3-chain (Mr 34,000) (13, 18).
Hepatocytes in vivo are surrounded by manyother cells to form compact liver tissue. These nonparenchymal liver cells (NPC) consist of sinusoidal endothelial, Kupffer, fat-storing, pit, bile duct epithelial cells, and connective tissue fibroblasts.
Thus, the growth and differentiated functions of hepatocytes in vivo must certainly be regulated through an elaborate mechanism of hepatocyte-NPC and hepatocyte (NPC)-matrix interactions as well as by various factors in the plasma.
Fromthis standpoint, we have shown for the first time that a soluble stimulant factor of hepatocyte DNA synthesis in primary culture was secreted from NPC (28) . In this study, we have investigated further the properties of this NPC-derived stimulant factor of hepatocyte DNAsynthesis. A summaryof this study was previously reported (1 1).
!) To whomcorrespondence should be addressed.
MATERIALS AND METHODS
Materials. Thematerials used for isolation and culture of hepatocytes and NPC were described before (28). Heparin-Sepharose CL-6Bwas obtained from Pharmacia Fine Chemicals, Uppsala. TSK-heparin and Asahipak C4P-50 columns for high performance liquid chromatography were obtained from Tosoh Co., Ltd. (Tokyo), and Asahi Kasei Co. Ltd. (Tokyo), respectively.
[methyPH] Thymidine (740 GBq/ mmole) was from NEN Research Products (Boston, MA). Lipopolysaccharides (LPS) from E. coli and horseradish peroxidase (HRP) were the products of Sigma Chemical Co. (St. Louis), and dispase (10,000 protease units/ampule) was obtained from Godo Shusei Co., Ltd. (Tokyo). Cell cultures and medium. Adult rat hepatocytes and NPCwere isolated from 6-week-old male Wistar rats, as previously reported (28). NPCwere usually cultured in the following basal medium: Dulbecco's modified Eagle essential minimum medium (DEM) supplemented with 0.4 //g/ml of dexamethasone, 100 units of penicillin and 100 fjtg of streptomycin per ml, and 5% fetal calf serum (FCS). To determine the effect of glycosaminoglycans on the secretion of NPC-derived HGF, they were added to the above basal medium. Hepatocytes were usually cultured in DEMcontaining 5 ng/ml of insulin, 0.4 fig/ml The pooled CMfrom cultured NPCwas applied to a HeparinSepharose CL-6B column (2 x 1.5 cm) previously equilibrated with 10mM phosphate buffer (pH7.0) containing 0.15 M NaCl. The column was washed with 10 column volumes of equilibration buffer, and then eluted with 120 ml of a gradient of 0.15-2.0M NaCl at a flow rate of 20ml/h. Each fraction was dialyzed overnight against serum-free DEMand sterilized by nitration through a 0.22-/mi filter (MF-Millipore, Nihon Millipore Kogyo K.K., Yonezawa, Japan). For one-step purification, the adsorbed factor on a Heparin-Sepharose CL-6B column was eluted with 10 mMphosphate buffer containing 1.0M NaCl.
HPLCon a TSK-heparin column. The fraction containing the growth promoting activity obtained from the HeparinSepharose chromatographywas further chromatographedon a TSK-heparin column (75 mmx 7.5 mm)attached to a highpressure liquid chromatography (HPLC) pump (2150 series, LKB, Bromma)at a flow rate of 1 ml/min. After sample injection the column was washed with 10 mMphosphate buffer containing 0.35 MNaCl until the absorbance returned to baseline and then developed with a linear gradient of 0.35 M to 2 MNaCl for 60min at a flow rate of 1 ml/min. One-ml fractions collected, desalted with a Micro Acilyzer (Asahi Kasei Co., Ltd., Tokyo), and subjected to bioassay. Reverse-phase HPLCon an Asahipak C4P-50 column.
Active fractions obtained by a TSK-heparin column chromatography were combined and applied to an Asahipak C4P-50 column (4.6 x 250 mm) equilibrated with 30% acetonitrile in 0. 1% trifluoroacetic acid. HGF was eluted with a linear gradient of 30-90% acetonitrile in 0.1% trifluoroacetic acid at a flow rate of 1 ml/min. Fractions of 1 ml were collected and lyophilized. HGFactivity was assayed after solubilizing each fractions with an appropriate volume of distilled water containing 1% BSA and sterilization through 0.22-/mi filter (Millipore). Whenthe samples were analyzed on SDS gel electrophoresis, they were solubilized in distilled water without use of BSA.
Electrophoresis. Analytical SDS-PAGE was performed according to the method of Laemmli (9) in 7.5% polyacrylamide gel using a vertical slab mini gel apparatus. Molecular weight standards (Sigma Co.) were, myosin (205,000), /3-galactosidase (1 16,000), phosphorylase b (94,000), bovine serum albumin (66,000), ovalbumin (45,000), and carbonic anhydrase (29,000). Protein bands were visualized by silver stain using commercially available kits (Wako Pure Chemical Co. Ltd., Tokyo). To test the immunoreactivity to antibody against rat platelet-derived HGF, following SDS-PAGE the proteins were transferred to nitrocellulose membraneand reacted with antibody against rat platelet-derived HGFwhich was generously supplied by Dr. T. Nakamura of Osaka University. After washing the membrane with 10 mMphosphate buffered saline, a HRP-labeled antibody against rabbit IgG was put on the membraneand incubated in a moist chamber for 60 min at room temperature. The immunoreactive band was visualized with a 3,3'-diaminobenzidine solution. EIA ofHGF-content. HGFcontent in CMswas measured using enzyme immunoassay (EIA). The CMafter culturing NPCin presence or absence of heparin (0.4U/ml) was applied to Heparin-Sepharose CL-6B column and eluted with 1 MNaCl. The eluate was adsorbed to the nitrocellulose membrane (13-mm in diameter, Bio-Rad Lab. No. 162-0113). The immunoreaction was carried out by the same methods described in "Electrophoresis".
The membranes were incubated for 30 min in the reaction medium (300 fi\) containing o-phenylenediamine as substrate. The colored reaction medium(100 (A) was transferred to wells (MS-3596F/H plate, Sumitomo Bakelite Co., Ltd. Tokyo) and assayed in absorbance at 450 nm using a photometer (EAR 400, SLT Labinstruments, Austria).
Treatment of NPC-derived HGF. The pooled CMand partially purified HGFfrom the Heparin-Sepharose CL-6B column chromatography were heated for various periods at 60°C and cooled. To test its stability in acid, HGFwas incubated with 0.1 Macetic acid for various periods at 4°C, and was then neutralized with 1 N NaOH, followed by dialyzing against DEMovernight at 4°C. To examine the direct effect of heparin on the heat-and acid-inactivation of the partially purified HGF, heparin (20 //g/ml in final concentration) was added to the HGFsolution and the mixtures were exposed to heat or acid treatment in the samemanner as described above.
Identification of cells secreting HGF. Kupffer cells were isolated from other cells in more than 95%puri-fied by the method described above. About 2-5% of the cells attached on collagen-coated dishes, which corresponds to about 1.3-3.2 x 104 cells/dish, had the phagocytotic activity of LPS and could be regarded as Kupffer cells. About 50% of Kupffer cells, corresponding to 5.5% in total NPCcells, were collected in the fraction of Kupffer cells described in Table I 1A ). A single growth factor peak was eluted from the column at about 0.65 MNaCl. The active materials eluted from the Heparin-Sepharose column were desalted with a Micro Acilyzer and concentrated by ultrafiltration using a YM-10membrane filter. This active pool was then applied to a TSK-heparin column equilibrated in 10 mMphosphate buffer containing 0.35 M NaCl attached to a HPLCapparatus. The growth activity eluted from the columnat a salt concentration of 0.85 M NaCl (Fig. 2) . Whenthese fractions were analyzed by SDS-PAGE, several contaminating bands were present indicating that further purification was needed. Therefore active fractions from a TSK-heparin column were pooled and further purified by reverse-phase HPLC using an Asahipak C4P-50 column as described in "Materials and Methods". HGFeluted from the C4 column as a sharp peak activity at about 45%acetoni-trile (Fig. 3) . Whenthis active fraction was analyzed by SDS-PAGE under nonreducing conditions and stained with silver, a single band corresponding to a Mr of about 70kDa was observed (lane 4 in Fig. 4) . Active fractions following Heparin-Sepharose CL-6B and TSK-heparin column chromatography were developed on SDS-PAGEand transferred to nitrocellulose membrane, respectively. Whenthe proteins transferred to nitrocellulose membrane were immunostained using an antibody against rat platelet-derived HGF, a single positive band corresponding to a Mr of 70kDa was observed (lanes 2 & 3 in Fig. 4 ). These properties of the NPC-derived HGFwere like those of the HGFs reported so far (4, 17, 30), though the Mr ofNPC-derived HGFwas slightly smaller than that of HGFpurified fromother sources. Effect of heparin on HGF-secretion from NPC. WhenNPCwas cultured in the presence of heparin (0.4U/ml), the HGFactivity of the CMwas twice as muchas that after culturing NPCin the mediumwithout heparin (Fig. 5) . The effect of heparin was specific since none of the other glycosaminoglycans, including chondroitin sulfate A, chondroitin sulfate B, hyaluronic acid, or carrageenan, had an effect when present at a !) The rate of DNAsynthesis of hepatocytes cultured in the growth mediumin the absence of CM, corresponding to 2,100± 150 dpm/dish of 3H-thymidine incorporation. Other details described in text. 2) Percentage of stimulation was determined as follows: [{% of DNAsynthesis with CM) -{% of that without CM)]/number of cells After culturing NPCfor 2 days in medium in the absence of (A) or presence of (B) 0.4 U/ml of heparin, the conditioned medium (CM) was analyzed on individual Heparin-Sepharose columns. The HGFactivity occurred as one peak in the fractions eluted at about 0.65 MNaCl in the heparin-containing CM (Fig. IB) as well as the CMwithout heparin (Fig. 1A) . Active HGFpool purified by Heparin-Sepharose chromatography was applied to a TSK-heparin column attached to a HPLCsystem. Dotted line, NaCl concentration, and solid line, denote HGFactivity. NPCwere cultured for 2 days in mediumwith or without heparin (0.4 U/ml). The individual CMswere then harvested. After culturing the hepatocytes in the basal medium for 1 day, they were cultured in a mixture of fresh basal mediumand CM(4/1, vol/vol). In control experiments (open bar), heparin (0.2 U/ml) was added to the growth medium for hepatocytes. DNAsynthesis of these hepatocytes was increased about threefold by adding CMwithout heparin (shadowed bar), and seven fold by adding CMwith heparin (dark bar). Each bar represents the mean±SDof five replicates.
DNA synthesis (dpm/well x10"3 ) After culturing NPC for 2 days in the medium containing the indicated glycosaminoglycans (2 /ig/ml each), the individual CMwas harvested, and its effect on the rate of DNAsynthesis of hepatocytes was assayed by the method described in Fig. 5 . Openbars indicate the rates of hepatocyte DNAsynthesis cultured in basal mediumcontaining each glycosaminoglycans (1 //g/ml). Heparin and heparan sulfate doubled the HGFactivity in the CM, but other glycosaminoglycans had hardly any effect. (Fig. 6) . The HGF-content in CMsafter culturing total NPCand Kupffer cells was increased by adding heparin (0.4 U/ml) to the culture medium (Table II) . These findings show that heparin could stimulate HGFsecretion. Effect of heparin on NPC-derived HGFstabilization. Since previous studies have indicated that NPC-derived HGFwas heat-and acid-labile (28), we tested whether heparin could protect it from heat-inactivation (Fig. 7) . To determine whether heparin could protect from heat inactivation, we heated the CMafter the NPCculture in the mediumwithout heparin. This decreased its HGFactivity to 10% within 30 min. But, after culturing NPC in the medium containing heparin, about 75% of the HGFactivity in the CMremained after 30 min of heating (Fig. 7) . However, when partially purified HGF using a Heparin-Sepharose chromatography from CM with or without heparin were heated for various periods at 60°C, heat exposure of both HGFs resulted in 90% inactivation within 30 min (Fig. 8) . When heparin was present during heat exposure, the partially purified HGFs did not retain their potency (Fig. 8) . Moreover, the elution pattern of the CMafter culturing NPCin the heparin-containing medium on Heparin-Sepharose CL-6Bcolumnchromatography was the same as that of the CMafter culturing NPCin mediumwithout heparin (Fig. IB) . These results indicate that the HGFwas not directly protected by heparin from heat-inactivation, but was stabilized via the NPC-derived substance(s), which might be separated from HGFon Heparin-Sepharose chromatographyand its secretion might be enhanced by heparin.
DISCUSSION
A marked increase in HGFactivity has been reported in the sera of partially hepatectomized rats (2, 5, 12, 16, 24, 25) and of patients with fulminant hepatic failure (3, 4) .
In the present study, we examined the partial purification and characterization of the NPC-derived HGF. The NPC-derived factor appears to be related to the HGFisolated from platelets (17) by the criteria of (a) binding to Heparin-Sepharose and elution at about 0.65 M NaCl, (b) having a Mr of about 70 kDa, and (c) having the immunoreactivity with the antibody against rat platelet-derived HGF.
Wehave demonstrated that HGFwas secreted mainly from Kupffer cells (Table I and II) . This finding agrees partly with the report of Kinoshita et al. showing that HGFmRNA occurs only in NPC (7). Though adding heparin to the NPCcultured medium enhanced the HGFsecretion (Table II) , it also protected the HGFfrom heat-and acid-inactivation (Fig. 7) , but the direct interaction of heparin with the HGFdid not lead to such protection (Fig. 8) .
Extracellular glycosaminoglycans not only have an important influence on the normal physio-chemical characteristics of the extracellular matrix, but they also provide key functions during tissue repair. Immunohistochemical studies of matrix components have indicated that there are several matrix types between the layer of hepatocytes and endothelial cells forming the sinusoids (22) . It has also demonstrated that the most abundant glycosaminoglycan produced by liver-derived cells in culture was heparan sulfate (19) (20) (21) , and that a polyclonal antibody directed against the core protein of heparan sulfate proteoglycan (HSPG) was bound to the sinusoidal plasmalemmaldomain on the surface of hepatocytes (27). Apparently a heparin-binding growth factor such as HGFmay be sequestered in the extracellular matrix (ECM)between the layer of hepatocytes and endothelial cells forming the sinusoids. Thus, HSPGin the ECMmay serve directly or via other substance(s) as a sink to concentrate and stabilize HGFin the vicinity of cell surface receptors. This idea has been supported by our previous finding that HGFactivity occurred in the circulating solution in adult normal rat liver (10). Recently, we observed that HGFbound to the extracellular matrix (ECM) secreted from hepatocytes and NPC, and that HGF-bound ECMstimulated the DNAsynthesis in hepatocytes in primary culture (A. Masumoto and N. Yamamoto: Biochem. Biophys. Res. Commun., in press). Morerecently, we observed that a substance(s) secreted from the primary cultured hepatocytes could release HGF from HGF-bound ECM(unpublished data). Thus, storage of HGFin masked and/or stabilized form between the layer of hepatocytes and endothelial cells forming the sinusoids, may play a role in repair after liver injury. After injury or mild perturbation of hepatocytes, HGFmay be released from storage in ECMand stimulates the hepatocyte proliferation.
We postulated that release of extracellular stores of HGF maybe at least an essential process in repair after hepatocyte injury.
It has also been shownthat at sites of active tissue remodeling and growth, a primary feature was hydrolysis of matrix componentsvia secretion of lytic enzymes by the proliferating cells (6, 15, 29) . Saksela et al. reported that the release of basic fibroblast growth factor (bFGF)-binding HSPG and bFGF from cultured bovine capillary endothelial cells was controlled by the physiologically relevant protease, plasmin (26). These reports suggest that the release by liver injury of both biologically active fragments of the degraded matrix components and the matrix-bound growth factors such as HGFand FGFresult in the proliferation of hepatocytes and NPC to repair the liver tissue. Although it is difficult to clarify the repairing mechanismafter liver injury, our results both in previous reports (10) and in this study indicate the possibility that ECMlocated between the layer of hepatocytes and endothelial cells forming the sinusoid may hold the key to the control of HGFpotency.
